The accreting pulsar GX 301[2 (P \ 680 s) has been observed continuously by the large-area detectors of the Burst and Transient Source Experiment (BATSE) instrument on the Compton Gamma Ray Observatory since 1991 April 5. Orbital parameters determined from these data are consistent with previous measurements, with improved accuracy in the current orbital epoch. The most striking features in the pulsar frequency history are two steady and rapid spin-up episodes, with Hz s~1, l5 B (3È5) ] 10~12 each lasting for about 30 days. They probably represent the formation of transient accretion disks in this wind-fed pulsar. Except for these spin-up episodes, there are virtually no net changes in the neutron star spin frequency on long timescales. We suggest that the long-term spin-up trend observed since 1984
ABSTRACT
The accreting pulsar GX 301[2 (P \ 680 s) has been observed continuously by the large-area detectors of the Burst and Transient Source Experiment (BATSE) instrument on the Compton Gamma Ray Observatory since 1991 April 5. Orbital parameters determined from these data are consistent with previous measurements, with improved accuracy in the current orbital epoch. The most striking features in the pulsar frequency history are two steady and rapid spin-up episodes, with Hz s~1, l5 B (3È5) ] 10~12 each lasting for about 30 days. They probably represent the formation of transient accretion disks in this wind-fed pulsar. Except for these spin-up episodes, there are virtually no net changes in the neutron star spin frequency on long timescales. We suggest that the long-term spin-up trend observed since 1984
Hz s~1) may be due entirely to brief (B20 days) spin-up episodes similar to those we (l5 B 2 ] 10~13 have discovered.
We assess di †erent accretion models and their ability to explain the orbital phase dependence of the observed Ñux. In addition to the previously observed preperiastron peak at orbital phase 0.956^0.022, we also Ðnd a smaller peak close to apastron at orbital phase 0.498^0.057. We show that if the companion starÏs e †ective temperature is less than 22,000 K, then it must have a mass and a M c \ 70 M _ radius so as not to overÐll the tidal lobe at periastron. In order not to overÑow the Roche R c \ 85 R _ lobe at periastron, the corresponding values are and These constraints are An accretion-powered pulsar consists of a rotating magnetized neutron star accreting material transferred from a binary companion. In systems with evolved low-mass companions, mass transfer occurs via Roche lobe overÑow and is mediated by an accretion disk. If the companion star has high mass, the neutron star can accrete directly from the stellar wind. One such wind-fed system is GX 301 [2 (4U 1223[62) , a 680 s accreting pulsar in a 41.5 day eccentric (e \ 0.47) orbit around the supergiant companion Wray 977 et al. We have observed GX 301[2 continuously with the BATSE instrument since 1991 April and redetermined independently the binary orbital parameters. These are consistent with measurements, but we have obtained a S86Ïs substantially better measurement of the time of periastron passage. This improvement permits accurate removal of orbital e †ects from the observed pulsed frequency history, yielding the intrinsic neutron star spin frequency. Figure 1 shows the intrinsic neutron star frequency for the last 20 years. From 1975È1985, the neutron star was, on average, neither spinning up nor down, much like other wind accretors. However, a prolonged period of spin-up at l5 B 2 ] 10~13 Hz s~1 began in 1985 roughly.
The neutron star Ñares regularly in X-rays B1.4 days before periastron passage and several stellar wind (S86), accretion models have been proposed to explain the magnitude of the Ñares and their orbital phase dependence (White & Swank In addition to the well-known 1984 ; Haberl 1991). maximum just before periastron passage, the 20È55 keV BATSE-pulsed Ñux history folded at the orbital period reveals a secondary maximum close to apastron, which is difficult to explain in a spherically symmetric stellar wind.
We begin in by discussing the BATSE data used in our°2 analysis and quantifying the enhanced sensitivity obtained by subtracting the Compton Gamma Ray Observatory orbital variations from the raw data. The orbit determination and resulting intrinsic spin frequency measurements are then presented.
contains a discussion of the Section 3 stellar properties of the optical companion, Wray 977. Through a careful consideration of the parameters of the binary system, we have placed an upper limit on the mass and radius of the companion, which argues against the KOH ET AL.
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FIG. 1.ÈPulse frequency history of GX 301[2 reduced to the solar system barycenter. The historical data are mostly taken from Nagase A 1991 measurement with ART-P/Granat et al. (1989) .
(Lutovinov and our 1991È1994 measurements with BATSE are also shown.
1994)
The dotted line is the best linear Ðt to the T enma, Ginga, and ART-P measurements that shows the spin-up trend that began in 1984. The gap near JD 2,448,700 is due to a tape recorder failure on Compton.
reclassiÐcation by et al. hereafter of Kaper (1995, K95) Wray 977 as a B1 Ia] hypergiant. In we examine°4, critically the possible mass transfer and accretion mechanisms at work in GX 301[2 and raise some theoretical issues that need to be addressed for this binary. SpeciÐcally, we show that most features of the folded Ñux proÐle can be understood if the neutron star were moving in the plane of a dense, slowly expanding circumstellar disk around Wray 977, whose existence was Ðrst postulated by et al. Pravdo We close in by arguing that the neutron star is (1995).°5 primarily a wind-fed accretor, but that transient accretion disks can sometimes form that rapidly spin up the pulsar. We also summarize our results and suggest observations that may resolve some of the outstanding questions.
BATSE OBSERVATIONS AND FREQUENCY MEASUREMENTS
BATSE consists of eight identical uncollimated detectors positioned on the corners of the Compton spacecraft, providing an all-sky monitor of hard X-ray and c-ray Ñux et al. We used the CONT data (16 energy (Fishman 1989) . channels at 2.048 s resolution) from the BATSE large-area detectors (LADs), each of which has an e †ective area of B1000 cm2 from 30 to 200 keV. For frequency measurements, we used data in the approximate range 15È55 keV (channels 0È3). We only use channels 1È3 for Ñux measurements, since channel 0 is not well calibrated.
We begin by subtracting the mean background count rate (using the model of et al. from the raw Rubin 1996) data. The resultant reduction in the noise at low frequencies FIG. 2 .ÈThe typical power spectrum of the BATSE LAD background in the 25È33 keV range. The data shown are for CONT channel 1 (25È33 keV) from LAD 2 on MJD 48,851È48,852 when the mean count rate was 423.72 counts s~1. The top curve is the unprocessed raw data, while the bottom curve is after background subtraction.
is displayed in where we show the power spectrum Figure 2 , of the BATSE LAD background for CONT channel 1 (20È33 keV) before and after background subtraction. At frequencies Hz, the noise is consistent with Poisson l Z 0.02 counting statistics for the observed mean count rate of C \ 423.72 counts s~1. However, near the second (dominant) harmonic of GX 301[2 ( f \ 0.003 Hz), the noise level of the background-subtracted data is B7 times the Poisson level. This translates into one-day and two-day 5 p detection threshold signal amplitudes of B0.8 and 0.6 counts s~1, respectively, for this channel. These thresholds agree with those obtained from simulations of injecting l B 0.003 Hz signals of varying amplitudes (1È20 counts s~1) into the CONT channel 1 raw data. These signals were fully recovered, indicating that the background subtraction does not introduce any systematic e †ects.
In order to make a time series for the frequency searches, we summed the CONT channels 0È3 data weighted by the cosine of the viewing angle for each detector and squared5 reduced all our timing observations to the solar system barycenter using the Jet Propulsion Laboratory DE-200 solar system ephemeris et al.
The bary-(Standish 1992). centric pulse frequency for each 1 day data segment was determined by searching the corresponding Fourier power spectrum for the strongest signal in a small range around the previously observed pulse frequency, always leading to detections near periastron (B5 days before and after). The neutron star was only detected B50% of the time outside this orbital phase interval. By increasing each observation interval to 2 days, we detected pulses away from periastron about 85% of the time.
Pulse proÐles were constructed by folding the time series of each (channel, detector) combination at the period determined from the Fourier power spectrum search. ProÐles for which the second (dominant) harmonic is present at greater than 95% conÐdence are considered detections. We typically detected a pulse in CONT channels 1 (20È30 keV), 2 (30È45 keV), and 3 (45È55 keV) for two-day observations that detected the pulsar (at greater than 4 p) in the summed (CONT channels 0È3) data. It was rare to see a pulse in channel 4, except near periastron passage. We never detected a pulse above channel 4, even in two-day observations.
shows the pulse proÐles as a function of Figure 3 channel for MJD 48, 582È48, 583 and MJD 48, 632È48, 633 . No signiÐcant pulse shape changes are evident.
Measuring the Neutron Star Orbit
The neutron star orbit was Ðrst measured by through S86 a joint Ðt of pulse time-of-arrival (TOA) data from Ariel 5, SAS 3, and Hakucho observations. The orbital parameters they measured are shown in
The dashed line in Table 1 . displays the orbit-induced frequency derivative, Figure 4 as a function of time for two orbits from paraml5 orb , S86Ïs eters. Due to the large eccentricity of the system, l5 orb changes abruptly over B4 days in the vicinity of the perias- Measuring the neutron star orbit is complicated by the need to decouple the orbital Doppler delays from any intrinsic changes in the neutron star rotation rate. This is especially true near periastron, where orbital accelerations are large and the torques on the neutron star might also increase. Variations in the intrinsic pulse period prohibited us from maintaining an accurate pulse count over more than one orbit, so we employed a "" hybrid ÏÏ approach to determining the orbit. We write the pulse emission times as
where is the emission time epoch, and and are the t 0 @ l 0 l 5 pulse frequency and its derivative at
The arrival times t 0 @ . are then where the orbital time delay, is
, parametrized by Ðve Keplerian orbital parameters : the projected semimajor axis (where i is the inclination a x sin i angle between the line of sight and the orbital angular momentum vector, deÐned to lie in the Ðrst quadrant), the orbital period the eccentricity e, the longitude of P orb , periastron u, and the orbital epoch (deÐned as the epoch T 0 of periastron passage).
The Ðve orbital parameters, along with independent t 0 @ , and for each orbit, were estimated simultaneously by a l 0 , l5 least-squares Ðt of the TOAs. To minimize any bias introduced by possibly large values at periastron, we typically o l5 o begin timing in the vicinity of apastron (orbital phase \ 0.5) and only used data from orbits for which a pulse could be detected over most of the orbit. Sudden torque (Z80%) Ñuctuations and low Ñuxes rendered B50% of the orbits unusable for TOA analysis.
We varied all Ðve orbital parameters in our Ðtting, starting with parameters as the initial guess. By comparing S86Ïs our best-Ðt with that of and assuming that has T 0 S86, P orb remained constant over this interval, we obtained a reÐned value of days. We then Ðx at this P orb \ 41.498^0.002 P orb value and allow the other four orbital parameters to vary. These orbital parameters, together with those determined by and those determined from the BATSE data only, S86 are shown in There are no statistically signiÐcant Table 1 . di †erences in the orbital solutions, and thus no evidence for apsidal motion or orbital decay at present.
shows Figure 5 the best-Ðt delay curve with our model of and removed l 0 l5 from each timing interval. The statistical errors in the TOAs computed by the cross-spectrum technique are B3È6 s, much smaller than the rms arrival time Ðt residuals of B20 s. Since we do not know the origin of this discrepancy, we assigned a constant error of 20 s to all TOAs when performing the orbital Ðt. 
T he Neutron Star Spin Frequency History
The neutron star spin frequency history from MJD 48,370È49,612 is shown in
The star generally expe- Figure 6 . riences Ñuctuating accretion torques with
. Approximately on yearly timescales, the star alternates between mild spin-up and spindown, with s~2. However, there are S o l5 o T B 2.0 ] 10~13 also two dramatic spin-up episodes (MJD 48,440È48,463 and MJD 49,230È49,245), which we discuss below. In order to search for systematic torque variations with orbital phase, we folded the frequency derivative measurements at These frequency derivatives were computed by taking P orb . time derivatives of two-day frequency measurements, excluding the two major spin-up episodes. There is no strong evidence for spin-up or spin-down torques at any particular orbital phase.
Hard X-Ray Spectrum and Flux Measurements
The pulse is detected in CONT channels 1È4 (20È75 keV) in the vicinity (^5 days) of periastron passage. Outside of periastron, it is only detected in channels 1È3 (20È55 keV). We extended the pulse detections to channel 5 by combining data for many days. We Ðrst folded all channels of the CONT data (only from the detector with the smallest viewing angle to the source) at one-day intervals at the known pulse frequencies, as determined from our fast Fourier transform search. A coherent pulse proÐle was built up from these 1 day proÐles by measuring the phase shift between each daily proÐle and the running sum with a cross-correlation analysis, by phase shifting the proÐles, and by adding to the running sum those proÐles of high signalto-noise ratio. For each proÐle included into the running sum, a running sum of the corresponding detector response matrices was also kept.
We generated four di †erent spectra, which spanned a range of luminosities and orbital phases, with data near periastron, near apastron, away from periastron and apastron, and from the spin-up episodes. The count rate energy distributions were Ðtted by a power-law photon spectrum of the form and an optically thin (dN/dE) pl P (E/30 keV)~c thermal bremsstrahlung (OTTB) spectrum of the form where
g ff the velocity-averaged Gaunt factor. The coverage of the di †erent spectra and their corresponding best-Ðt spectral parameters are shown in Table 2 .
shows the spectral Ðts to the near periastron Figure 7 data for both models. The reduced s2 for the OTTB Ðt is 1574, while that for the power-law Ðt is 2369. Although the OTTB is a better representation of the spectrum, the 25È100 keV pulsed Ñuxes inferred from the power-law and OTTB Ðts are almost identical at, respectively, 1.175 and 1.197 ] 10~9 ergs cm~2 s~1. We could not detect any appreciable changes in spectral shapes, so that Ñux di †er-ences are largely reÑected by changes in which is C 30 , dN/dE evaluated at E \ 30 keV. Since the power law yields a good measure of the Ñux in the bandpass, we Ðxed c at 4.5 and measured the pulsed Ñux every 2 days. Only pulse proÐles from channels 1È3 (20È55 keV) were used, since we do not always detect the pulse in channel 4 (55È75 keV). The count rate in a pulse proÐle was obtained by assuming that each proÐle is a shifted, scaled version of the template. The method used to Ðnd the amplitude scaling, I, is detailed in Only data from the detector with the best Appendix B. viewing angle to the source were used. For all two-day data segments that registered detections in at least channels 1 and 2, was computed (for c \ 4.5). shows the C 30
Figure 8 20È55 keV pulsed Ñux as a function of time for MJD 48,370È49,612. This plot shows that the Ñux is always high at periastron and drops o † dramatically outside of periastron. displays these Ñux measurements folded at the Figure 9 orbital period, excluding the two spin-up episodes that we will discuss separately. 
The orbital period and projected semimajor axis of the neutron star orbit yield a mass function high and low metallicity. The resulting relationship
scales with mass as one would obtain from the Eddington standard model & Kawaler (for a mean (Hansen 1994) molecular weight k \ 0.6) when, as appropriate for this mass range, radiation pressure is becoming appreciable. This L (M) relation is slightly brighter than that for zero-age main sequence because of the helium enrichment of the core. The Thomson scattering appropriate for these stars implies that they radiate at a rate nearly independent of their radius, so that we can use this L (M) for the full range of masses in the interpolated range.
The hatched region in denotes the companion Figure 10 radius as a function of mass using the L (M) relation in and taking 20,000 K. We equation (4) K \ T eff \ 22,000 have chosen a range of e †ective temperatures to reÑect some of the uncertainty in spectral type. The radius of the star must lie below the dark solid line, since no eclipse is observed, so that
The star must also be M c
[ 39 M _ . smaller than the physical separation at periastron (denoted by the light solid line), placing an upper limit of M c \ 80È100
that depends on M _ T eff . A more stringent mass constraint comes from considering the tidal distortion of the companion during periastron passage. The l \ 2 f-mode will establish an equilibrium tide when its natural frequency, is much larger than u f , the characteristic perturbing frequency at periastron passage, The lower solid line is the separation between the T eff . neutron star and the stellar companion at periastron. The Roche (tidal) lobe radius at periastron is denoted by the dashed (dot-dashed) line.
Quataert
The massive star is well represented by an 1995). n \ 3 polytrope, which is very centrally condensed and has Figure 10 . require that the star not overÑow its tidal lobe at periastron, then and D \ 5.8 kpc for 
MASS TRANSFER AND ACCRETION ONTO THE NEUTRON STAR
GX 301[2 can accrete from the stellar wind of its companion, but the two rapid and long-lasting spin-up episodes are unusual for stellar wind accretion. Comparable events have not been seen in other persistent high-mass X-ray binaries accreting via winds. In contrast, matter transferred from an accretion disk to the neutron star has a deÐnite sense of angular momentum and can give rise to a monotonic increase in the neutron star spin frequency.
T he T wo Rapid Spin-Up Episodes
shows l, and the pulsed hard X-ray Ñux for Figure 11 l5 , the two rapid spin-up episodes : MJD 48,440È48,463 (left panels) and MJD 49,230È49,245 (right panels). The measured values between MJD 48,443È48,463 and MJD l5 49,231È49,245 are Hz s~1 and l5 B 4.5 ] 10~12 l5 B 3.0 ] 10~12 Hz s~1, respectively, giving a spin-up timescale yr. The steady spin-up strongly suggests that Bl/Sl5 T B 10 the neutron star is accreting from an accretion disk during these intervals. The Ñuxes are also higher than usual for these orbital phases. The 20È55 keV Ñux averaged over MJD 48,443È48,458 (orbital phase 0.35È0.70) is (1.889^0.037) ] 10~9 ergs cm~2 s~1, whereas the folded Ñux history averaged over the same orbital phase yields (1.216^0.008) ] 10~9 ergs cm~2 s~1. For the second spin-up episode, the 20È55 keV Ñux averaged over MJD 49,233È49,245 (orbital phase 0.37È0.66) is (1.926^0.042) ] 10~9 ergs cm~2 s~1 compared with the folded Ñux history value for the same orbital phase of (1.239^0.010) ] 10~9 ergs cm~2 s~1.
The magnetospheric radius must be less than the corotation radius cm (where a Keplerian disk r co \ 1.3 ] 1010 corotates with the neutron star) in order for the material to Ñow freely along the magnetic Ðeld lines and onto the neutron star. The maximum speciÐc angular momentum transferred to the neutron star is then l max 4 (GM x r co )1@2. This allows us to set a lower limit on given as M 0 l 5, N obs \ et al.
We then Ðnd for 2nIl5 \ M 0 l max (Chakrabarty 1993) . where is the neutron star moment of inertia
The measured values of (Ravenhall 1994). Both spin-up events begin just after periastron. The infrequent occurrence of these episodes argues against the hypothesis that the event is triggered by tidal overÑow at periastron. However, especially if the companion is as lumi-nous as infer, the episodes might be accretion of matter K95 ejected in a mass-loss episode from the star, similar to what is seen from luminous blue variables (LBVs). The luminosity, mass, and of Wray 977 put it squarely in the T eff regime where LBVs undergo large-scale mass-loss episodes every 2È10 yr & Chin It may be that the (Stothers 1995). expelled matter is captured predominantly at periastron, in which case the delay between the periastron passage and the onset of the torque is the viscous timescale in the accretion disk. The total mass accreted by the neutron star during a spin-up episode is greater than 2 ] 10~11 M _ , comparable to the mass in an a \ 0.1 disk of outer radius R D 1010 cm, for which the viscous time is about 10È30 days, the same as the duration of the spin-up event.
Accretion from the CompanionÏs W ind
Excluding the spin-up episodes, the neutron star experiences torques of both signs, independent of orbital phase, resulting in nearly no frequency change over our observation interval. This is consistent with two-dimensional simulations of wind accretion by & Taam Fryxell (1988) and & Fryxell They showed that accretion Taam (1989) . from a stellar wind is highly time-dependent ; transient accretion disks form and persist for a few Ñow times across the accretion diameter (approximately hours for GX 301[2) before dissipating, only to be replaced by disks rotating in the opposite direction. This Ñip-Ñop behavior results in large speciÐc angular momentum transfer on short timescales but little net angular momentum change on long timescales.
This behavior motivates the simplest model of supersonic Bondi-Hoyle accretion from the spherical wind of the companion, which predicts the neutron star accretion rate, M 0 , to be
where a is the distance between the companion and the neutron star, is the wind velocity at the neutron star, and v W is the relative velocity between the neutron 
where is the terminal velocity of the wind and
the value that we adopt. However, the spherical wind model does not predict the observed secondary Ñux peak at Moreover, for yr~1 and
yr~1 at periastron and a ratio of the M _ maximum to minimum Ñux of B50. If we adopt v = \ 400 km s~1 then the maximum-to-minimum Ñux ratio (K95), drops to B12. For simplicity, we assume that the neutron star moves within a circumstellar disk modeled as et al. (Waters 1989 )
where r is the distance from the star, and are, v r,w v rot,w respectively, radial and rotational components of the wind velocity, and is the rotational velocity of the star. A v rot,c Ðnite shifts the location of the accretion peaks and v r,w breaks their temporal symmetries. We Ðx km s~1 v rot,w \ 80 (allowing for a higher value than the v sin i measurement) and a \ 1 (assuming that the disk material conserves angular momentum). The observed periastron/apastron Ñux ratio then requires n \ 3.7, within the range of 3 ¹ n ¹ 3.75 derived for six known Be/X-ray binaries et al.
The symmetrical apastron peak implies (Waters 1988 We adopt km s~1 in our (Lamers 1987) . v 0 \ 0.5 Ðt to the folded Ñux history, which is shown in Figure 12 .
et al. suggested that if the orbital plane was Pravdo (1995) inclined with respect to that of the disk, then the neutron star may intersect the disk slightly before periastron, resulting in a preperiastron Ñux peak. However, the dis- placement required to reproduce the observed shift implies a preapastron peak at an orbital phase B0.3, which is not observed.
So neither of these accretion models predict the preperiastron peak of the orbit-folded Ñux proÐle, for which many explanations have been proposed. and Leahy (1991) suggested that enhanced mass loss from the Haberl (1991) inner Lagrangian point L1 near periastron would form a gas stream and accrete onto the neutron star (Stevens 1988) prior to periastron. LeahyÏs model Ðtted the Ñux and column density measurements of T enma only at orbital phases HaberlÏs model predicts another 0.75 [ / orb [ 1.2. Ñux peak at orbital phase 0.3, when the neutron star intersects the gas stream a second time, which we do not observe. However, we note that the orbital phase of the peak in HaberlÏs model depends strongly on the shape of the gas stream, which in turn depends on the radial wind velocity proÐle, a poorly known quantity due to, for example, ionization e †ects.
et al.
suggested that the heating of the Chichkov (1995) stellar wind by the X-rays from the neutron star would reduce the Bondi-Hoyle accretion rate prior to periastron. This occurs when the sound speed of the X-rayÈheated gas becomes larger than the relative velocity between the neutron star and the stellar wind. The supply of matter to the neutron star then shuts o † prematurely sometime before periastron passage. Another possible source of variability in the Bondi-Hoyle accretion is direct modiÐcation of the stellar wind properties by the X-ray heating and ionization (Ho & Arons This has not 1987a , 1987b Blondin 1994) . been investigated in detail for this eccentric system and might yield some new insights.
CONCLUSIONS
The two rapid spin-up episodes we observed are the most striking features in the spin frequency history of GX 301[2. The steady spin-up strongly suggests the temporary formation of an accretion disk about the neutron star. Aside from these episodes, there is virtually no net change in the spin frequency of the neutron star on yearly timescales. This suggests that the neutron star accretes primarily from the stellar wind of the companion ; if accretion disks form at all, they must alternate generally between prograde and retrograde directions on timescales days. However, the two [4 spin-up episodes observed strongly suggest that a (Fig. 6 ) long-lived (B30 days) accretion disk with a deÐnite sense of rotation can sometimes form to spin up the neutron star.
Since the net change in neutron star spin period in nearly 4 yr of BATSE observations is due almost entirely to the two spin-up episodes, it is possible that the measured decrease in the period of B25 s since 1984 is entirely due to (Fig. 1) spin-up episodes similar to the two we have observed, with a recurrence timescale B2 yr. This interpretation is also consistent with the secular spin-up rate extrapolated from the previous decade of observations. The pre-1984 frequency history does not exhibit this secular trend, implying that similar spin-up episodes may not have occurred during that era.
In addition to the well-known Ñux maximum just before periastron passage, the pulsed Ñux history folded at the orbital period reveals a secondary maximum close to apastron, which is difficult to account for in a spherically symmetric radiative wind. Accretion from a circumstellar disk might explain this phenomena but is by no means unique. It might be proÐtable to apply the X-ray heating and ionization scenario of Ho & Arons to this eccentric (1987a , 1987b wind-fed system. A careful consideration of the parameters of the binary system (see has allowed us to place an Fig. 10 ) upper limit on the mass and radius of the companion, which argues against the reclassiÐcation by of the star as a B1 K95 Ia] hypergiant. More detailed optical observations (particularly a spectral and luminosity classiÐcation) of this object would better constrain its mass, radius, and distance.
The question remains as to what causes the formation of the transient accretion disks and what sets their approximately yearly recurrence timescale. We speculated here that formation of these transient disks is related to episodic mass loss from the companion. Simultaneous multiwavelength observations of GX 301[2 during the next spin-up episode may help answer these questions as well as provide new insights into the mechanism of mass transfer in wind-fed accreting binaries.
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APPENDIX A TIME-DELAY MEASUREMENTS USING THE CROSS-SPECTRUM TECHNIQUE
The time delay between a pulse template and a folded proÐle has been found traditionally by maximizing their cross correlation. The statistical error in each phase bin and uncertainty in the cross correlation is easy to Ðnd when photoncounting statistics dominate the measurement noise. However, it is not so simple to estimate errors for measurements dominated by a background that varies on a timescale comparable to the signal and has a complicated (i.e., not white) power spectrum.
As demonstrated by the low-frequency noise in BATSE is highly frequency-dependent and much stronger than Figure 2 , counting noise. However, the noise is "" locally Gaussian ÏÏ (i.e., Gaussian in all narrow ranges of frequencies). We can thus measure the noise at any frequency, and estimate the shift between template and proÐle for each harmonic using the cross spectrum & Piersol This allows us to Ðnd the statistical errors and construct a minimum-variance estimate of (Bendat 1986 signal-dominated measurements where changes in pulse shape contribute signiÐcantly to the uncertainties is almost equivalent. Each pulse proÐle is generated by folding a 2 dayÈlong time series at the fundamental pulsar frequency, into bins. Let f 0 , N b x(k) and y(k), denote the zero-meaned template and the proÐle, respectively. Assuming that the proÐle is a scaled, 0 ¹ k \ N b , shifted version of the template, we can model the proÐle as
where a is the scaling factor, is the time shift, and P is the epoch-folding period. We then expand x(k) and y(k) in Fourier q 0 series and treat the Fourier coefficients as statistically independent.
& Boynton point out that this is not strictly Deeter (1986) true in the presence of strong background Ñuctuations with a long coherence length. The di †erence in phase between each harmonic of the proÐle and template is a (nearly) statistically independent measure of the shift between the proÐle and the template. The phase di †erence at harmonic j is found using the cross spectrum, deÐned as the product of the Fourier C j , transform of the template, with the complex conjugate of the Fourier transform of the proÐle,
is the phase di †erence in the jth harmonic. If the proÐle is a shifted, scaled version of the template, then the C j phase shift at harmonic j, is given by
The argument of scales linearly with harmonic number, j, and has slope We then Ðnd the shift, by performing a C j 2nq 0 /P. q 0 , linear least-squares Ðt to the observed phase di †erences, with as the only Ðt parameter. This is formally equivalent to a / j , q 0 weighted average of of the form
where is the variance in the measurement of Because it was derived from a least-squares statistic, is a p j 2 / j . equation (A3) minimum-variance estimate of the shift between proÐle and template. It remains to estimate p j . Since the template has much better statistics than the individual proÐles, we can measure the phase di †erence at any harmonic as well as we can measure the phase of the Fourier coefficient of the proÐle at that harmonic. Determining the uncertainty in the phase shift is equivalent to determining the uncertainty in the phase of a sinusoid. The Fourier transform of the proÐle at harmonic j, is the sum of the Fourier transform of the signal and the noise at The phase of
The precision with which we can measure phase is independent of phase, and we can assume without loss of generality that the phase of the signal is zero. In that case, and the variance in arg is given
Because the noise is locally Gaussian, var where is the noise power at Thus, the
The variance in the jth phase shift is simply one-half the ratio of the signal and noise powers at both of which we measure l j , from the daily power spectra. Since higher harmonics are dominated by noise, we only used seven harmonics in performing the least-squares Ðt. Even for j \ 7, we used only high signal-to-noise harmonics for Ðnding
To probe the validity of our q 0 . assumptions, the reduced s2 were computed for all the single parameter Ðts undertaken to measure time delays. The pulse proÐles for GX 301[2 are typically detected in approximately three out of the seven harmonics. In the vicinity of periastron passage, the number of harmonics detected increases to B4È5. For a single parameter Ðt with three points, the distribution of the reduced s2 is expected to be f (s2) \ exp ([s2) .
compares the reduced s2 histogram for those 173 Ðts, which were signiÐcant detections at two or more harmonics, Figure 13 with the expected distribution. The same template constructed from 235 two-day folded proÐles were used for all the Ðts. The slight excess of Ðts with high, reduced s2 arise from the increased number of harmonics detected near periastron passage. The agreement between the actual and the expected distribution demonstrates the validity of the assumptions upon which this method is based. In particular, the assumption that all pulse proÐles share a common shape seems to have been borne out. We highlight this since it is also an important assumption made in our Ñux estimates.
APPENDIX B DETERMINATION OF COUNT RATE AND ITS UNCERTAINTY
Let us deÐne x( j),
to be a template with phase bins. Since each phase bin has negligible variance, the 0 ¹ j ¹ N b
[ 1, N b count rate, C, in the template is given by FIG. 13 .ÈThe s2 histogram for the 173 single-parameter Ðts performed. The solid line shows the distribution expected for a single-parameter Ðt with three points. The slight excess of Ðts with high, reduced s2 are due mainly to the increased number of harmonics detected at orbital phases close to periastron passage.
This equation cannot be used to Ðnd the count rate in a typical proÐle because of the large variance of each phase bin, especially when the signal-to-noise ratio is low. Nevertheless, if the pulse shape of the source is approximately constant, then the count rate of a typical proÐle can be found by computing the intensity scaling I and the phase / that relates the proÐle and the template amplitudes. The stability of the source pulse shape demonstrated in validates the applicability of this Appendix A technique.
Let us deÐne the complex Fourier amplitudes of the template and proÐle as and the 1 p uncertainties of the real and T j a j , imaginary parts of to be the phase shift between the template and the proÐle to be /, and the number of harmonics a j p j , retained in each pulse proÐle to be Assuming that are independent Gaussian random variables, maximizing N h . a j s2 \ ; j/1
dictates the maximum likelihood value of I to be
Since the proÐle is assumed to be a scaled version of the template, the most likely value of / is that which brings the two in phase. Hence,
and
Substituting this into yields equation (B3)
which we use to Ðnd I. The errors in the template amplitudes can be ignored since the template is constructed from 235 pulse proÐles. Assuming T j that noise introduces a Gaussian random deviate into the real and imaginary parts of the measured we write as a j , a j
where is the signal component and is the two-dimensional Gaussian noise component. Substituting this into a j s n j equation and taking its variance yield 
which we use to Ðnd the errors.
